Vibrio cholerae of the 01 serotype is the causative agent of the disease Asiatic cholera. Pathogenesis occurs as a number of sequential, interdependent steps: bacteria are ingested via contaminated food or water (38) , colonize the intestinal epithelium, and elaborate a number of extracellular proteins, leading to profuse watery diarrhea and causing high mortality if untreated (34, 35, 45) . Since colonization is a prerequisite to establishing a productive infection (48) , the factors responsible have been the subject of much research. A number of potential colonization factors, including fimbriae such as TCP (54) and other hemagglutinins (24) , have been identified, but to date only TCP has been shown to be a virulence determinant in humans (25) . The mannose-fucose-resistant hemagglutinin (MFRHA) (18, 55, 56) has also been implicated as a virulence determinant (17) , but its exact role in colonization remains to be determined.
Repetitive sequences have been identified in a wide variety of eubacterial chromosomes (33), the best characterized of these being the REP or PU sequences identified in members of the family Enterobacteriaceae (19, 52) , with related sequences being detected in diverse bacterial species (57) . There is considerable controversy as to whether such sequences have any function: identification of interactions in vitro with a number of nucleoid-associated proteins, such as DNA gyrase, the histone-like protein HU, and DNA polymerase I, have led to proposals that REP sequences might represent a site for the assembly of scaffold proteins on DNA (20, 59, 60) . These repeats are similar to the eukaryotic matrix association regions, which contain repetitive sequence elements that bind topoisomerase II (4, 51) . However, there are other repetitive sequences also involved in scaffold attachment that do not bind topoisomerase II (41) . REP sequences often occur in clusters called REP elements (21, 26) , at least 90 of which are found randomly distributed in the Escherichia coli chromosome (12) . This approximates the number of supercoiled domains in the chromosome (20, 59, 60) and also the number of "highaffinity" gyrase cleavage sites (9) . Consequently, it has been suggested that REP sequences are involved in the maintenance of chromosomal structure (20, 59, 60) . Alternatively, the proposal that REP sequences are selfish DNA (26) has not been discounted and remains a possibility (33).
Another role attributed to REP sequences is that they act as the endpoints of RecA-independent recombination events, including large-scale DNA rearrangements and deletions (49) . This can have important implications for bacterial virulence, as chromosomally encoded virulence determinants, at least in pathogenic E. coli, are located in "pathogenicity islands" rather than being randomly distributed throughout the genome (23) . It was also noted that these islands could be deleted, leading to a loss of virulence genes. Although no mechanism has been proposed to mediate this phenomenon, it is worth noting that large-scale DNA rearrangements can be mediated by DNA gyrase in the absence of both extensive sequence homology at the recombinational endpoints and recA function (40) and that large deletions whose end points are REP sequences have been characterized in Salmonella typhimurium (49) . The high degree of genetic instability in Streptomyces species (32) and spontaneous deletions leading to loss of the pigmentation phenotype in Yersinia pestis (14) are also associated with deletions whose endpoints are repetitive sequences.
To aid our investigation of the role of the MFRHA in the virulence of V cholerae, we have sequenced the region surrounding the corresponding genetic locus. We have shown that this section of the chromosome contains a large number of copies of a 124-bp direct repeat originally detected by van Dongen et al. (56) , and we discuss the possible roles that these repeats could have in the expression of closely linked genes and on the structure and evolution of the V cholerae chromosome.
MATERIALS AND METHODS
Bacterial strains and media. The E. coli strains used were JM101 ([F' traD36proAB+ lacIqZAM15] supE thi A[lac-proAB] X-) (58) and DH5a [F-48OdlacZAM15 A(lac-argF)U169 recA1 endAl hsdRl7(rk ik) supE44 thi-1 gyrA96 reL1 X-] (Bethesda Research Laboratories). Other strains used are listed in Tables 1 through 4 . Unless otherwise stated, the growth medium used was nutrient broth (Oxoid), except for phage propagation, for which M9 minimal medium and 2xTY broth (39) were used.
DNA sequencing. The nucleotide sequence of the 6.3-kb mM Tris-HCl (pH 8.0), resuspended in 4 ml of the same buffer, and warmed to 45°C. Agarose beads were formed by adding 5 ml of 1% LGT agarose (Ultrapure; Bethesda Research Laboratories) in 1 M NaCl-10 mM Tris-HCl (pH 8.0)-20 ml of sterile mineral oil (Primol 352; ESSO), both at 450C, to the cells, emulsifying the mixture, pouring it into 100 ml of ice-cold 1 M NaCl-10 mM Tris-HCl (pH 8.0), and stirring the mixture for 5 min. Beads were then pelleted by centrifugation at 40C and 500 x g in 50-ml tubes for 10 min, and the mineral oil was removed. The tubes were recentrifuged, and the beads in the pellet were combined in a single tube and then centrifuged as before. The beads were then resuspended in 15 ml of 1-mg/ml proteinase K-1% sodium n-lauroyl sarcosine-0.5 M EDTA (pH 9.2) warmed to 65°C and incubated at 650C for at least 48 h. A lysozyme treatment step was omitted because of excessive nicking of the DNA during this step (1), presumably by secreted DNases (15) . After proteinase K digestion, the beads were recovered by centrifugation as before and washed a minimum of five times for a total of 2 h in 10 mM Tris-HCl (pH 7.5)-0.1 mM EDTA at room temperature before storage at 40C. Restriction endonuclease digestion of agarose beads was performed under standard conditions, and digests were separated on a 1% agarose gel with a Biorad CHEF II apparatus and run conditions of initial A time, 1 min, final A time, 10 min, and 200 V for 18 h at 14°C in 0.5x TBE.
All gels were transferred to nitrocellulose filters by standard conditions and were probed with radioactive or digoxigenin (DIG)-labeled probes as described below, with stringent washes and autoradiography done as described before (46) . Stringent washes for filters probed with oligodeoxynucleotide probes were done with tetramethyl ammonium chloride (58) . DIG-labeled probes were detected with anti-DIG-horseradish peroxidase conjugate followed by the addition of enhanced chemiluminescence substrate (Amersham) and exposure to X-ray film. Densitometer analysis of autoradiographs was performed on a Molecular Dynamics model 300A computing denfsitometer. Filters were stripped for reprobing with boiling water and checked for stripping by autoradiography before reprobing. The oligodeoxynucleotide probe used was 5'-CGCGGCTCAATGGGACTGGAAA-3' and was synthesized on an Applied Biosystems model 381A DNA synthesizer. Fragment probes were the 0.7-kb ClaI-XbaI fragment of (44) , restriction fragments were gel purified and labeled with [a-2P]dCTP (BRESATEC) in a random-primed reaction (13) , and M13mp19 subclones were labeled by extension from the primer 5'-CACAATICCACACAAC-3' (61), incorporating 11-DIG-dUTP (Boehringer Mannheim).
Nucleotide sequence accession number. The DNA sequence described in this study is available under GenBank and EMBL accession no. X64097.
RESULTS
Nucleotide sequence and analysis. We initially set out to determine the nucleotide sequence of a 2.4-kb HindIII fragment of V cholerae 569B encoding the MFRHA (18) . A report of the sequence of part of this region appeared recently (17) . However, the presence of three copies of a 124-bp direct repeat within this region (see below) led us to perform Southern hybridizations (not shown), which indicated the presence of multiple copies of this repeat within the original MFRHA clone, pPM471 (18) . Therefore, the sequence of the entire insert of pPM471, corresponding to a 6.3-kb BamHI fragment of V cholerae 569B, was determined and is represented schematically in Fig. 1 .
Ten open reading frames (ORFs) are apparent within the sequenced region, eight of which are of the same predicted transcriptional polarity (Fig. 1) . Two ORFs, encoding 7-kDa and 27-kDa proteins, respectively, are associated with MFRHA activity (17, 56) , and we propose the gene names mrhA for the ORF encoding the 7-kDa protein and mrhB for the ORF encoding the 27-kDa protein (for mannose-fucoseresistant hemagglutinin). The sequences of all ORFs were compared with entries in the PIR (Release 33) and SWISS-PROT (Release 22) databases for similar entries. Significant matches were obtained for ORF2 (1) TAACAAACGCTTCAAGAGGGACAGCCAACG-CGTGGCATTTTTATTAT-GCGTTGGTTTTTGTG  VCR2  TAACAAACGCCTCAAGAGGGACTGTCAACG-CGTGGCGTTTCCAGTCC-CATTGAGCCGCGGTG  VCR3  TAACAAACGCCTCAAGAGGGACTGTCAACG-CGTGGCGTTTCCAGTCC-CATTGAGCCGCGGTG  VCR4  TAACAAACGCCTCAAGAGGGACTGTCAACG-CGCGGCGTTTCCAGTCC-CAATGAGCCGCGGTG  VCR5  TAACAAACGCCTCAAGAGGGACTGTCAACG-CGTGGCGTTTCCAGTCC-CATTGAGCCGCGGTG  VCR6  TAACAAACGCCTCAAGAAGGACTGTCAACG-CGTGGCGTTTCCAGTCC-CATTGAGCCGCGGTG  VCR7  TAACAAACGCCTCAAGCGGGACTGTCAACG-CGCGCGTTTCCAGTCC-CATTGAGCCGCGGTG  VCR8  TAACAAACGCCTCAAGAGGGACTGTCAACGTCGTAGCGTTTCCAGTCC-CAATGAGCCGCGGTG  VCR9  TAACAAAGCGTTAAAGCGGGACTTGGCACG-CGTGGCATTTTCAGTTTGCGGTAAGTT-TAGTG  VCR2 1  TAACAAACGCCTCAAGAGGGACTGTCAACG-CGCGGC-TTTCCAGTCC-CAATGAGCCGCGGTG  VCR2 2  TAACAAACGCCTCAAGAGGGACTGTCAACG-CGCGGC-TTTCCAGTCC-CAATGAGCAACGGTG  VCR31  TAACAAACGCCTCAAGAGGGACTGTCAACG-CGTGGCGTTTCCAGTCC-CATTGAGCCGCGGTG  VCR3 2 TAACAAACGCCTCAAGAGGGACTGTCAACG-CGTGGCGTTTCCAGTCC-CAATGAGCCGCGGTG ******* * *** **** *** ** ** *** * * * * 
GTTGCAGT -TGTTGTGTTTGGGTTTAGTG-TTATGCGTT-GCCAGCCCCTTAGGCGGGCGTTAG  VCR22  GTTACAGT-TGTTGTGTTTGAGTTTAGTG-TAATACGTT-GCCAGCCCCTTAGGCGGGCGTTAG  VCR31  GTTACAGT-TGTTGTGTTTGAGTTTGGTGGTAATGCGTT-GCCAGCCCCTTAGGCGGGCGTTAG  VCR32 GTTATGGC-TGTTGTGTTTGAGTTTAGTG-TTATGCGTT-GCCAGCCCCTTAGGCGGGCGTTAG ** * * * * * ** * * * ******* ******* Consensus GTTTCGGT-TGTTGTGTTTGAGTTTAGTGGTAATGCGTT-GCCAGCCCCTTAGGCGGGCGTTAG  70  80  90  100  110  120 ENERGY' -58.9 Fig. 1 in ascending order) , as well as two copies (numbered 21 and 22) sequenced by van Dongen et al. (56) and two copies (numbered 31 and 32) sequenced by Takeda et al. (53) . A proposed consensus sequence based on this alignment is also shown. The alignment was performed with the multiple-alignment program CLUSTAL (27) . Bases identical to the corresponding base in the consensus are in boldface type, and bases identical among all sequenced copies of VCR are indicated by an asterisk. (B) Proposed secondary structure for the consensus sequence, AG = -58.9 kcal/mol. Secondary structure and free energy value were determined with the DNASIS package of software.
The most striking feature of the sequence presented is the four repeats sequenced by others (53, 56) , show an overall occurrence of nine 124-bp repeats, all of which are in the same similarity of about 92% (Fig. 3A) . Several stretches of dyad orientation relative to one another, and all of which are found symmetry can be identified within the repeats, and the whole only outside of predicted ORFs, that is, in an extragenic repeat itself shows imperfect dyad symmetry, which if tranlocation (Fig. 1) . The sequences of these repeats, along with scribed would give a stable secondary structure. In the case of the consensus sequence, a loop of free energy of -58.9 kCal/mol is predicted (Fig. 3B) . We propose to name these repeats VCR, for V. cholerae repetitive DNA sequence.
Chromosomal distribution of VCR elements. Because of the number of repeats found in the region of the V cholerae chromosome shown in Fig. 1 , we investigated the possibility of the occurrence of further copies of VCR by probing 10 different V cholerae 01 strains of both the classical and El Tor biotypes with a VCR-specific oligodeoxynucleotide probe. This test indicated the presence of a large number of copies of VCR (Fig. 4) . To aid quantitation of VCR and to ensure that the large number of bands detected were not due to partial digestion of the chromosomal DNAs, the filters were stripped and reprobed with the mrhB-specific probe (Fig. 5) . Except for strain C31, in which this region is deleted (55) (see below), this probe binds to a single fragment of the size expected from sequence analysis (Fig. 1) . Given that the VCR-specific probe used will bind to six of the nine VCR sequences of pPM471 under conditions of high stringency (not shown), an estimate of the number of VCRs in the chromosome was obtained by quantitating the density of the bands in Fig. 4A (not shown). This gives an estimate of 90 to 100 copies of VCR in strains of the classical biotype and 60 to 80 copies of VCR in strains of the El Tor biotype. The patterns obtained with other probes which could be expected to identify all copies of the repeat were not markedly different, and so these estimates represent a reasonable approximation.
The pattern of hybridization shown in Fig. 4B shows remarkable similarity to the pattern observed when a number of MFRHA-positive cosmid clones were probed with the 2.4-kb HindIII fragment indicated in Fig. 5B (16) . As this fragment contains three copies of VCR, the cross-hybridization observed (16) was probably due to these copies of VCR, and this result suggests that the copies of VCR observed in the chromosome of V cholerae (Fig. 4) are linked. This possibility was investigated by probing digested DNA separated on a pulsed-field gel with the VCR-specific oligodeoxynucleotide used above (Fig. 6A) (Fig. 6A) . The filter was stripped and reprobed with the mrhB-specific probe used above, and the result of this is shown in Fig. 6B . In this case, bands of 285 and 195 kb are detected for 569B DNA digested with Notl, bands of 265 and 205 kb are detected for 569B DNA digested with SfiI, and bands of 265 and 300 kb are detected for 017 DNA digested with NotI and SfiI, respectively. As expected, no hybridizing fragments were detected for C31. The detection of two hybridizing bands for 569B with an mrhB probe (Fig. 6B) is unexpected, as a single hybridizing band is detected for both BamHI-and HindIIIdigested 569B DNA when probed with the same probe (Fig. 5) , indicating that the larger band is probably due to incomplete digestion of the samples. In case the oligodeoxynucleotide probe used in Fig. 6A was not hybridizing with some copies of VCR (see Discussion), leading to a biased result, the filter was again stripped and reprobed with the VCR-specific fragment probe. No additional bands were apparent (not shown), indi- cating that the oligonucleotide probe has not "missed" significant bands through mismatch. Therefore, most copies of VCR lie within a region of approximately 200 kb in strain 569B, 300 kb in strain 017, and 240 kb in strain C31. Given a genome size of approximately 2,800 kb for V. cholerae 01 (30) , this correlates with a region encompassing approximately 10% of the chromosome.
Specificity of VCR within the family Vibrionaceae. To see whether VCR-related sequences could be detected in other members of the family Vibrionaceae, a number of different species were probed with the VCR-specific oligodeoxynucleotide used above. Hybridization was observed in a number of non-O1 serotype V cholerae, but no hybridization was observed for the other Vibrio or Aeromonas spp. tested (Fig. 7) . These filters were stripped and reprobed with the mrhBspecific probe used above (Fig. 5) , but a positive signal was obtained only for V cholerae 01 strains 569B and C21 (not shown). Is VCR involved in deletion events? In an attempt to define the deletion in strain C31, BamHI-and Hindlll-digested chromosomal DNAs were probed with probes corresponding to the ends of plasmid pPM471. The distal probe hybridizes to a single band for 569B (6.3 kb for BamHI-digested DNA and 6.5 kb for HindIll-digested DNA) and no band for strain C31 (Fig. 8B ), but the proximal fragment hybridizes to two bands for 569B (11 and 6.3 kb for BamHI-digested DNA and 2.8 and 1.2 kb for HindIII-digested DNA) and one band for strain C31 (10 kb for BamHI-digested DNA and 5.4 kb for HindlIldigested DNA) and a faint additional band of 3.9 kb for HindlIl-digested C31 DNA (Fig. 8A) . Next, the same samples were probed with an ORF2-specific probe, which again gives two bands of 6.3 and 4.5 kb for BamHI-digested 569B DNA and a single band of 11.5 kb for BamHI-digested C31 DNA (Fig. 8C ). Bands were not apparent with HindIII-digested DNA in this case. This indicates that some sequences contained within pPM471 have been duplicated but that the deletion in C31 is larger than the cloned DNA. Therefore, further mapping of the deletion endpoints was not undertaken as part of this study. The position of a 6.3-kb band that hybridizes with the mrhB probe in BamHI-digested DNA is indicated by an arrowhead.
DISCUSSION
The nucleotide sequence reported here extends that reported previously (17, 56) to include an additional eight ORFs linked to the genes encoding the MFRHA. The sequence of mrhA presented here is identical to that of van Dongen et al. (56) , but that of mrhB shows six changes at the nucleotide level (17) . Comparison of ORF sequences with entries in the databases revealed homology between ORF3.1 and the aminoterminal 72 amino acids of DnaT (primosomal protein i) of E. coli (38) and between ORF3.2 and the hypothetical E. coli RelE protein, presumed to be the translational inhibitor accumulated in relB mutants during amino acid starvation (3, 31) . Attempts to engineer mutations in these ORFs by deleting portions of plasmid pPM471 (18) were unsuccessful, presumably because the desired products were lethal (not shown). Therefore, their functions remain unclear. Homology was also detected for ORF2 and mrhB and will be described elsewhere (1) . None of the other ORFs reveal significant similarity to known protein sequences. Given that E. coli clones in which these other ORFs have been deleted retain hemagglutinating activity (17, 18, 55, 56) , it seems unlikely that they are directly involved in this phenotype. Thus, the MFRHA appears to be an adhesin encoded by one or two ORFs, unlike previously characterized fimbrial adhesins, which are usually encoded by extensive operons (28) .
Van Dongen et al. (56) identified two copies of a repeat sequence that in this study has been shown to be present in multiple copies in the chromosome of V. cholerae 01. An estimate of 60 to 100 copies of VCR in V cholerae 01 was obtained. It is known that the oligonucleotide binds to only six of the nine copies of VCR present on pPM471 at the degree of stringency used (not shown). However, the VCR fragment probe (random primed) that is capable of binding to all copies of VCR does not reveal any major new bands when used to probe a filter identical to that shown in Fig. 3A .
VCR shows several regions of dyad symmetry, and the whole repeat shows imperfect symmetry that if transcribed would form a stable secondary structure. This raises the possibility that VCR might play a role in transcription termination in V cholerae. Transcription has been shown to terminate within at least one of the repeats, but it seems unlikely that all copies of VCR act as transcriptional terminators, because RNase protection experiments with VCR-specific probes of either orientation reveal multiple bands consistent with the presence of full-length copies of VCR within V cholerae total RNA (2) .
Furthermore, the repeat upstream of mrhA is unlikely to act as a terminator because of the polarity of the flanking ORFs. Similarly, only a subset of REP sequences have been shown to act as transcriptional terminators (22) . Therefore, some other role must lead to their maintenance.
Repetitive extragenic sequences have been characterized in a number of bacterial genera but do not show any recognizable sequence similarities (32) . REP sequences found in E. coli and in diverse genera (57) have been shown to bind DNA polymerase 1 (20) , DNA gyrase (59), and IHF (5, 42) as well as the histone-like protein HU (60) . In S. typhimurium, REP sequences have been shown to be the endpoints of recombination events that occur in a recA-independent manner (49), and in E. coli, DNA gyrase (topoisomerase II) has been shown to catalyze illegitimate recombination (40) . However, REP sequences are distributed more or less randomly throughout the E. coli chromosome (12) , whereas VCR sequences are restricted to a region of approximately 10% of the V. cholerae chromosome. Another class of repetitive elements designated ERIC (29) have also been identified, with related sequences in V cholerae. However, although they have a similar length and the potential to form a stable stem-loop structure, like VCR, there is no sequence homology.
The most striking feature of VCR is its localization to a limited region of the chromosome. An upper limit on the region occupied by VCR has been determined by pulsed-field gel electrophoresis, but the lower limit is still unknown. Assuming a density of VCR repeats equivalent to that seen on pPM471 (i.e., nine in 6 kb), a lower limit of about 42 to 70 kb (depending on the strain) can be predicted.
The orientation of the nine copies of VCR within pPM471 is such that recombination events between them will lead to deletion of the intervening DNA; the presence of multiple copies of VCR on multicopy plasmids and M13 vectors leads to a very high rate of deletion events in recA+ strains (1, 10, 16) . Such a "deletogenic" activity would make VCR an effector sequence in V cholerae for deletion events associated with pathogenicity islands. Despite this, the VCR region of V cholerae 01 seems to be stable within biotypes, with strains isolated over a 40-year period showing a similar banding pattern on Southern hybridization. However, perhaps this region of the chromosome has evolved by tandem duplications mediated by VCR, in a way similar to that by which the much larger RS1 elements are involved in toxin gene amplification (44) .
An alternative possible role for VCR is to provide a region where foreign genes can integrate into the chromosome. Of out invoking a novel integration mechanism. Another alternative is that the extreme clustering of VCR could be due to the entire region, including VCR sequences, originating in a foreign host, but the presence of genes such as mrh, exclusively in 01 V cholerae (55), (not shown), and ST toxin genes, predominantly in non-O1 V cholerae (53) , makes this possibility seem less likely. Similarly, the suggestion that a single copy of VCR has integrated and is slowly spreading throughout the chromosome requires an explanation of why the spread is restricted to one region of the chromosome and is not occurring randomly. Nevertheless, there are insufficient data to discount any of these possibilities.
Although the biological function of VCR is not known, the extreme clustering and maintenance of these elements suggest that each fulfills the same or a similar role. An earlier proposal that REP sequences may be involved in bacterial speciation within the family Enterobacteriaceae (21) 
